A low efficiency has long been the most critical problem of conventional gene-transferring systems using calcium phosphates, and this was successfully improved on by using a laminin-DNA-apatite composite (LD-Ap) layer. The genetransferring efficiency of the LD-Ap surface was 1-2 orders of magnitude higher than that of a DNA-calcium phosphate composite surface. This is because laminin enhances cell adhesion and spreading, and this provides regions of high DNA concentration between a cell and the LD-Ap surface. The efficiency of gene transfer of the LD-Ap surface was equivalent to, or even higher than that mediated using a commercial lipid-based transfection reagent applied using the manufacture's recommended optimum conditions. In addition, the gene-transferring efficiency of our system could be controlled by changing the laminin and DNA content in the LD-Ap layer. Moreover, our system is composed of highly safe reagents: apatite, DNA and laminin, all of which are present in the human body. Hence, the LD-Ap surface, which enhances cell attachment on its surface, and mediates a safe, highly efficient and controllable gene transfer, is highly applicable to tissue engineering and gene therapy applications. Gene Therapy (2007) An efficient and safe gene-transferring system is a key technology in tissue engineering and gene therapy applications.
An efficient and safe gene-transferring system is a key technology in tissue engineering and gene therapy applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A gene-transferring system mediated by a particulate DNA-calcium phosphate composite [1] [2] [3] is safer than viral [4] [5] [6] and lipid-based [7] [8] [9] systems, but its transferring efficiency is comparatively low. To enhance the gene-transferring efficiency, a surface-mediated genetransferring system derived from a DNA-apatite composite (D-Ap) layer has been developed. 12 In this system, regions of high DNA concentration are produced locally around cells, and this enhances the gene-transferring efficiency. In this work, the cell adhesion molecule, laminin, 13, 14 was immobilized on a D-Ap layer to enhance further the gene-transferring efficiency by strengthening a cell's attachment and facilitating its spreading on a coating's surface. The gene-transferring efficiency was 1-2 orders of magnitude higher on the resulting laminin-DNA-apatite composite (LD-Ap) layer than the gene-transferring efficiency on a D-Ap layer. In this paper, we present an advanced gene-transferring system that has a high efficiency, is safe and has a great potential for use in tissue engineering and gene therapy applications.
An LD-Ap layer was coated on a polymer surface in a metastable supersaturated calcium phosphate solution at neutral pH, and ambient pressure and temperature. [15] [16] [17] [18] As controls, an apatite (Ap) layer, a D-Ap layer and a laminin-apatite composite (L-Ap) layer were also coated on the polymer surface. The coating layers were formed by immersing the polymer sample, that had an amorphous calcium phosphate (ACP) layer deposited on its surface, in four different coating solutions: a calcium phosphate solution (CP solution) [15] [16] [17] [18] (for the Ap layer), a CP solution supplemented with DNA (for the D-Ap layer), a CP solution supplemented with laminin (for the L-Ap layer) and a CP solution supplemented with laminin and DNA (for the LD-Ap layer).
After immersion, uniform layers of Ap, D-Ap, L-Ap and LD-Ap, all with microscale flake-like architectures, were formed over the entire surfaces of the samples, as shown in Figure 1a . The thin-film X-ray diffraction (TF-XRD) patterns of all the layers (Figure 1b , respectively, which were determined by analyzing the coating solutions for any residual DNA and laminin after immersion of the sample.
The formation of the surface layer on these samples can be explained as follows. When an ACP-modified sample is immersed in the coating solution, it induces apatite nucleation on its surface, by using the ACP as a precursor of apatite. This is because apatite has the lowest solubility and hence is the most stable phase among all the calcium phosphates in an aqueous solution at neutral pH. 22 Once the apatite is formed, then it grows spontaneously in the coating solution, because all the coating solutions are highly supersaturated with respect to apatite. With the presence of DNA and/or laminin in the coating solutions, immobilization of DNA and/or laminin in the growing apatite proceeds to form a D-Ap, an L-Ap and an LD-Ap layer. Our previous transmission electron microscopy observations have shown that laminin molecules in the L-Ap layer are dispersed on the nanoscale, together with needle-like apatite crystals. 18 The D-Ap and the LD-Ap layers prepared in this work would have a similar nanocomposite structure.
The biological activity of the laminin molecules in the L-Ap and LD-Ap layers enhanced cell adhesion and cell spreading on the coating surfaces. As shown in Figure 2 , BHK-21 cells cultured on the L-Ap and LD-Ap surfaces were observed to spread their pseudopodia well, whereas those on the Ap and D-Ap surfaces had a rounded shape. A similar behavior was also observed for the other cells examined. The L-Ap and LD-Ap layers, which enhance cell attachment to their surfaces, are appropriate for use as scaffold surfaces in tissue engineering and gene therapy applications.
The gene-transferring efficiency of the LD-Ap surface was 1-2 orders of magnitude higher than that of the D-Ap surface. As shown in Figure 3 , for all the cells examined, the luciferase activity of cells on the LD-Ap surface was 1-2 orders of magnitude higher than that of cells on the D-Ap surface. When albumin with no cell adhesion property was immobilized in the D-Ap layer sample. An EVOH sample with a size of 10 Â 10 Â 1 mm 3 was modified on its surface with ACP using a method described elsewhere, [19] [20] [21] and then immersed in 3 ml of the coating solutions at 25 1C for a period of 24 h. The coating solutions were prepared by adding 40 mg ml À1 of DNA (pGL3 Control Vector, Promega, Madison, WI, USA) and/or 40 mg ml À1 of laminin (Sigma-Aldrich, St Louis, MO, USA) into the CP solution. Cell Cell 100 µm 100 µm 100 µm 100 µm 100 µm 100 µm 100 µm 100 µm Figure 2 Transmission optical micrographs of the BHK-21 cells on the apatite (Ap), DNA-apatite composite (D-Ap), laminin-apatite composite (L-Ap) and laminin-DNA-apatite composite (LD-Ap) layers formed on a polystyrene (PS) sample after culturing for a period of 3 days. The PS sample with a size of 10 Â 10 Â 1 mm 3 was modified on its surface with ACP, 23 and then subjected to the same coating process as that applied for the EVOH sample. The BHK-21 cells (RIKEN BioResource Center, Japan) were cultured on the sample's surface with the initial concentration of 2.5 Â 10 4 cells/ 0.5 ml under the conditions recommended in the supplier's instructions.
Gene transfer on a cell adhesion molecule-apatite composite A Oyane et al instead of laminin, the luciferase activity of the BHK-21 cells on the resulting albumin-DNA-apatite composite surface fell to the level (luciferase activity: 2717202 count per mg ml À1 ) equivalent to that on the D-Ap layer (luciferase activity: 3657167 count per mg ml
À1
). Therefore, the immobilization of a cell adhesion molecule, laminin in the D-Ap layer was found to be highly effective in enhancing the gene-transferring efficiency. This can be explained as follows. Cells suspended in a medium go down to the surface of the LD-Ap layer within a short period of time. In the case of the BHK-21 cells, the number of the cells being in contact with the sample's surface reached 77% after 1 h and 83% after 2 h of that after 24 h. During the 2 h, the cells fully adhere and spread with the aid of laminin in the LD-Ap layer, according to our previous in vitro test in the L-Ap layer. 15, 16 Within the same period of time, DNA in the LD-Ap layer is slowly released into the surrounding medium. This was confirmed by the result that the amount of DNA, released from the LD-Ap layer into a physiological salt solution equilibrated with apatite, was 36% after 1 h and 66% after 2 h of that after 24 h. The slowly released DNA was effectively transferred to the adhered cells on the LD-Ap layer, taking advantage of the much larger contact area between a cell and the LD-Ap surface compared to the contact area between a cell and the D-Ap surface. Calcium ions in the surface apatite phase also play a supporting role for gene transfer when they are released. 24 The positively charged calcium ions combine with the negatively charged DNA molecules, resulting in an increased affinity between the DNA and the cell surface.
The gene-transferring efficiency could be controlled by changing the laminin and DNA content in the LD-Ap layer. The laminin content in the LD-Ap layer was reduced by decreasing the initial laminin concentration in the coating solution, as shown in Figure 4a . The luciferase activity of BHK-21 cells cultured on the resulting composite layer decreased in proportion to the laminin content in the LD-Ap layer, as shown in Figure 4b . This was caused solely by the decrease in the laminin content in the LD-Ap layer, because the DNA content in the LD-Ap layer was almost the same, irrespective of the initial laminin concentration in the coating solution within the range from 10 to 40 mg ml À1 (Figure 4a ). Similarly to the results shown in Figure 4 , the luciferase activity of BHK-21 cells cultured on the LD-Ap layer decreased with decreasing DNA content in the composite layer.
A low efficiency has long been the most critical problem of conventional gene-transferring systems using calcium phosphates, and this was successfully improved on by using an LD-Ap layer. As shown in Figure 3 , the gene-transferring system using the LD-Ap layer developed in this work is superior in regard to its efficiency over the previous systems using a D-Ap layer. 12 It should be noted that the efficiency of gene transfer on the LD-Ap layer was equivalent to, or even higher (see MG-63 in Figure 3 ) than that mediated using a commercial lipidbased transfection reagent (Lipofectamine) applied using the manufacture's recommended optimum conditions. 4 cells/0.5 ml under the conditions recommended in the supplier's instructions. Transfection using Lipofectamine (Invitrogen, Carlsbad, CA, USA) was conducted using the manufacturer's recommended optimum conditions. The luciferase activity was estimated by measuring the luciferase luminescence of the supernatant obtained from the cell lysate employing a Promega luciferase assay kit. The raw luciferase luminescence data were normalized to the protein concentration. [15] [16] [17] [18] supplemented with 40 mg ml À1 of DNA and 0, 10, 20 or 40 mg ml À1 of laminin. The BHK-21 cell culture and assay of the luciferase activity were carried out using the methods described in the legend of Figure 3 .
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Unlike a toxic lipid-based or viral transfection reagent, our system is composed of highly safe reagents: apatite, DNA and laminin, all of which are present in the human body. Therefore, our system has potential applicability to in vitro and in vivo gene transfers, which would be a key technology in tissue engineering and gene therapy applications. In addition, the gene-transferring efficiency of our system could be controlled by changing the laminin and DNA contents in the LD-Ap layer, as shown in Figure 4 . Moreover, the LD-Ap layer enhanced cell attachment to its surface as a result of the biological activity of laminin (Figure 2) . Furthermore, using our coating process, an LD-Ap layer was also formed on surface-modified [19] [20] [21] poly(e-caprolactone) and poly-(L-lactic acid) samples, both of which have an established safety record as bioresorbable biomaterials, 25 and are suitable for tissue engineering and gene therapy applications. It is also well known that apatite phase in the LD-Ap layer has good compatibility with living tissues, especially with bone tissues. 26, 27 Hence, our coating process, and the resulting composite material with an LD-Ap layer, which exhibits good biocompatibility, enhances cell attachment on its surface, and mediates a safe, highly efficient and controllable gene transfer, is highly applicable to tissue engineering and gene therapy applications.
